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gigas, a Drosophila Homolog of Tuberous Sclerosis
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results support a tumor suppressor function for both
TSC1 and TSC2. The mechanism by which the loss of
hamartin or tuberin produces tumors is unknown. The
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University of California, Berkeley clinical features of TSC1 and TSC2 disease are indistin-
guishable (Povey et al., 1994), suggesting that the twoBerkeley, California 94720-3200
TSC proteins participate in the same biochemical pro-
cess. Since TSC mutations seem to affect cell growth,
TSC proteins might be involved in the regulation of theSummary
cell cycle.
The Drosophila eye is well suited to the study of theTuberous sclerosis complex (TSC) is an autosomal
cell cycle. The Drosophila compound eye is composeddominant disorder leading to the widespread develop-
of an orderly array of approximately 800 unit eyes, orment of benign tumors that often contain giant cells.
ommatidia. Each ommatidium consists of 20 neuronalWe show that the Drosophila gene gigas encodes a
and nonneuronal cells. The eye develops from a colum-homolog of TSC2, a gene mutated in half of TSC pa-
nar epithelium, the eye imaginal disc. During the thirdtients. Clones of gigas mutant cells induced in imaginal
larval instar, differentiation initiates in the posterior re-discs differentiate normally to produce adult struc-
gion of the eye disc and progresses anteriorly as a wavetures. However, the cells in these clones are enlarged
marked by a depression in the apical surface of theand repeat S phase without entering M phase. Our
epithelium called the morphogenetic furrow (MF). Aheadresults suggest that the TSC disorder may result from
of the MF, cells are undifferentiated and progressan underlying defect in cell cycle control. We have also
through the cell cycle asynchronously. All cells becomeidentified a Drosophila homolog of TSC1.
synchronized in G1, beginning just anterior to the MF.
Cells emerging from the posterior edge of MF either termi-
nally differentiate or enter a final synchronous round ofIntroduction
cell division before terminal differentiation. Thus, the eye
disc provides a system where cell cycle progressionTuberous sclerosis complex (TSC) is an autosomal dom-
inant disorder affecting 1 in 5800 individuals. TSC occurs during development can be directly visualized as a con-
tinuum from the anterior edge of the MF extending pos-in multiple organs, including the brain, eyes, skin, kid-
ney, heart, lungs, and skeleton, and is characterized by teriorly (Ready et al., 1976; Thomas et al., 1994).
We have conducted a genetic screen to identify newthe presence of benign tumor cells termed hamartomas.
Hamartomas are a mass of disorganized but differenti- lethal mutations that affect adult eye structure. From this
screen, we isolated a group of mutations that produceated cells indigenous to the site. TSC hamartomas rarely
progress to malignancy, but brain hamartomas fre- enlarged cells in homozygous mutant clones. We show
that these mutations are allelic to a previously knownquently cause epilepsy, mental retardation, autism, or
attention deficit±hyperactive disorder (Gomez, 1988, mutant, gigas (FerruÂ s and GarcõÂa-Bellido, 1976; Canal
et al., 1994). Here, we report the cloning and character-1991). One of the notable features of TSC hamartomas
is the presence of giant cells in the tumors (Johnson et ization of the gigas gene. gigas encodes a protein ho-
mologous to human TSC2. We have also isolated a cDNAal., 1991).
Linkage studies in families with TSC have established that encodes a protein homologous to human TSC1.
Phenotypic analysis of gigas mutant clones demon-two TSC loci, TSC1 and TSC2 (Povey et al., 1994), each
accounting for approximately 50% of cases. The TSC1 strates that gigas blocks rereplication of DNA or pro-
motes mitosis during imaginal disc development.gene encodes a novel protein, hamartin, that contains
a single transmembrane domain and a large cytoplasmic
tail with coiled-coil domains (van Slegtenhorst et al., Results
1997). The TSC2 gene encodes a novel protein, tuberin,
that contains a region of homology to the GTPase-acti- Isolation of C1 Mutants
vating protein (GAP) for the small-molecular-weight We used the FRT/FLP recombination system (Xu and
GTPase Rap1 (The European Chromosome 16 Tuberous Rubin, 1993) to screen the left arm of the third chromo-
Sclerosis Consortium, 1993). some for mutations affecting eye development. We
Mutations in the TSC1 and TSC2 genes have been screened z150,000 X-ray-mutagenized progeny for
described in patients with tuberous sclerosis (Wilson et abnormal morphology in eye clones and isolated 20
al., 1996; van Slegtenhorst et al., 1997). Moreover, loss complementation groups of lethal mutations (see Exper-
of heterozygosity at the TSC1 and TSC2 loci has been imental Procedures). One of these groups (C1), com-
demonstrated in TSC patient lesions as well as in spo- prised of eight alleles, is described here. These muta-
radic tumors of non-TSC patients (Green et al., 1994; tions produce enlarged cells in mutant clones in the eye
Henske et al., 1995; van Slegtenhorst et al., 1997). These and wing (see below).
Scanning electron micrographs illustrate the external
structure of a normal adult eye and an eye containing* To whom correspondence should be addressed (e-mail: gerry@
fruitfly.berkeley.edu). mutant clones for C156 (Figures 1A and 1B). The other
Cell
530
cedures). A previously described mutant, gigas (gig;
meaning ªgiantº in Latin), exhibits a very similar large
cell phenotype (FerruÂ s and GarcõÂa-Bellido, 1976; Canal
et al., 1994). gigas was originally isolated as a mutant
with larger bristles in clones (FerruÂ s and GarcõÂa-Bellido,
1976), and gigas mutant photoreceptors in eye clones
are two to three times larger and establish more syn-
apses than normal neurons (Canal et al., 1994). Although
the reported map position of gigas (3-36.5; Canal et al.,
1994) differed from that of C1, we found that all eight
C1 alleles failed to complement the three gigas alleles
(gig109, gig25, and gig5C8). This prompted us to remap
gigas, and we found that its location did indeed coincide
with that of C1. Since C1 and gigas show similar pheno-
types, fail to complement, and are at the same cytologi-
cal location, we conclude that C1 is allelic to gigas and
henceforth refer to our C1 mutations as gigas alleles.
Molecular Characterization of the gigas Locus
Individual BamHI and EcoRI fragments from a genomic
P1 clone (DS01924) that covers the 76F-77A2 region
were used to look for polymorphic DNA bands in geno-Figure 1. Adult Eye Phenotype of gigas
mic DNA blots of wild-type and gigas alleles. A 3.1 kb(A and B) Scanning electron micrographs of adult eyes are shown:
EcoRI fragment identified polymorphisms in BamHI±(A) wild type (w/y w hsFLP122; P[ry1; hs-neo; FRT]80B/M(3)67C;
EcoRI double digests of two alleles, gig192 and gig193P[w1; arm-lacZ]69C; P[ry1; hs-neo; FRT]80B); (B) an eye carrying a
clone of homozygous gig56 cells (w/y w hsFLP122; gig56, P[ry1; hs- (data not shown). No other EcoRI fragment revealed
neo; FRT]80B/M(3)67C; P[w1; arm-lacZ]69C; P[ry1; hs-neo; polymorphisms in the nine gig alleles tested. When this
FRT]80B). Anterior is to the left. 3.1 kb fragment was used to screen a Drosophila embryo
(C) A phase contrast image of a section of gig62 clone in the adult
cDNA library, a single class of cDNAs was identifiedeye. A mixture of pigmented wild-type and unpigmented gigas cells
representing a transcript of 6.2 kb. Sequence analysisare shown. Note that cells in the gig mutant clone are enlarged and
of the genomic region revealed that this transcript isthat the cell enlargement appears to be cell autonomous.
(D and E) Adult wings with gig62 mutant clones are shown. (D) Bristles encoded by 16 exons spanning 22 kb (Figure 2A).
at the anterior wing margin are shown. Note that gigas mutant bris- We confirmed that this cDNA represents the gigas
tles (yellowish color) are thicker and longer than the wild-type bris- gene by determining that the open reading frame (ORF)
tles, which are marked with y1 and have a dark color. (E) A gig62
it encodes is altered in gigas mutants and by showingclone on the wing blade is shown. The clone of cells mutant for
that its ubiquitous expression was able to rescue thegig (indicated) is characterized by larger cell size and reduced cell
lethality of gigas mutations. The two strong alleles gig192density.
and gig193 were sequenced and found to contain small
deletions within gigas-coding exons (see legend to Fig-seven C1 alleles display a similar eye phenotype. All unit
ure 2A). The gig192 mutation truncates the putative 1847eyes (ommatidia) in the mutant clone are two to three
protein at amino acid 919, while gig193 deletes 56 aminotimes larger in area than normal. Eye sections reveal
acids (amino acids 472 to 527). Homozygous gigas ani-that all the cells, including photoreceptor cells and non-
mals are larval lethal and die by early third instar. Expres-neuronal accessory cells, are enlarged in the clone (Fig-
sion of the 6.2 kb full-length cDNA under the control ofure 1C); however, the structure and organization of
a heat shock promoter (hs-gig) using heat shock pulsesommatidia are nearly normal. Photoreceptors are occa-
at 12 hr intervals for 10 days completely rescued thesionally missing, especially at clone borders where there
lethality of three gigas alleles, gig56, gig57, and gig2253.are both normal and enlarged cells in the same omma-
Adult flies from these rescue experiments are phenotypi-tidia. Although C1 mutant clones consist of larger cells,
cally normal. In two other gig alleles, gig193 and gig25,the developmental program of these cells seems to pro-
larvae with the hs-gig transgene survive until late thirdceed normally. When mutant clones are generated in
instar, develop melanotic tumors (data not shown), andthe wing, sensory bristles in the clones are larger but
die at prepupal stage. Since the homozygous mutantappear otherwise normal (Figure 1D). In C1 clones on
animals die much earlier, we consider these to be partialthe wing blade, hair density is decreased (Figure 1F).
rescue of gigas lethality. The strong gigas alleles (gig192Since all wing blade cells have a single hair at the same
and gig273) (see below) are not rescued, suggesting thatposition, this result indicates that individual epidermal
the level of Gigas expression induced by twice daily heatcells are larger. These results demonstrate that multiple
shock pulses is not sufficient to rescue these alleles.cell types are affected by C1.
Alternatively, the failure of complete rescue by this cDNA
might be explained if alternative splicing generated ad-C1 Is Allelic to gigas
ditional protein forms. Nevertheless, we conclude thatRecombination mapping placed the C1 locus at 3-46
the transcript represented by this 6.2 kb cDNA corre-(cytological position 76-77), and deficiency mapping re-
fined its position to 76F-77A2 (see Experimental Pro- sponds to the gigas gene.
Drosophila TSC2 Prevents Endoreplication
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Figure 2. Molecular Characterization of the gigas Gene
(A) Map of the gigas genomic structure at 77A1-2. The boxes represent the 16 exons that comprise the gigas gene, with the closed boxes
representing coding regions and the open boxes representing untranslated regions. Cleavage sites for BamHI (B) and EcoRI (E) are shown.
The 3.1 kb EcoRI fragment (E11) that detected polymorphisms in two X-ray alleles, gig192 and gig193, and the deletions found in these alleles
are indicated. gig192 is a 161 bp deletion and 7 bp insertion that causes a frameshift after amino acid 919 and truncation of the protein after
the addition of 16 out-of-frame amino acids. gig193 is a deletion of 166 bp and 10 bp insertion that causes an in-frame deletion of 56 amino
acids from amino acids 472 to 527 and the addition of four amino acids. The centromere is to the right.
(B) An alignment of the amino acid sequences of TSC2/Gigas proteins from D. melanogaster (D TSC2), mouse (M TSC2; GenBank accession
number U39818), and human (H TSC2; GenBank accession number P49815) produced using the CLUSTAL W program is shown. Residues
identical to Drosophila are highlighted. The amino acid sequences homologous to Rap1GAP are boxed (RGAP). Potential GAP arginine fingers
(Scheffzek et al., 1998) are underlined. The lack of sequence conservation with mouse between residues 1698±1728 is likely due to alternative
splicing, as this region is encoded by a single exon in human (Maheshwar et al., 1996).
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Figure 3. Sequence Comparison of the TSC1 proteins
Comparison of the amino acid sequences of TSC1 proteins from D. melanogaster (D TSC1) and human (H TSC1; GenBank accession number
AF013168). The alignments were produced using the CLUSTAL W program as in Figure 2. A potential transmembrane domain (TM) and two
potential coiled-coil domains (CC1 and CC2) are indicated.
The gigas Locus Encodes a Drosophila Homolog transmembrane domain is predicted for both human and
Drosophila proteins at a conserved position, approxi-of Tuberous Sclerosis Gene TSC2
The gigas cDNA contains an ORF of 5541 bp, corre- mately 120 amino acids from the N terminus. A stretch
of 133 amino acids in the potential cytoplasmic domainsponding to a protein of 1847 amino acids. Searches of
the current protein databases with this protein sequence just after the transmembrane domain is highly con-
served between human and Drosophila (44% identity).indicate that the gigas gene encodes a Drosophila ho-
molog of TSC2, or tuberin (The European Chromosome Coiled-coil domains, predicted for human, are found in
similar positions in the Drosophila protein. Taken to-16 Tuberous Sclerosis Consortium, 1993). No yeast or
C. elegans homologs of either TSC1 or TSC2 were de- gether with the overall level of protein sequence similar-
ity, conservation of the transmembrane and coiled-coiltected. Sequence alignment with the human and the
mouse TSC2 proteins shows a high degree of conserva- domains strongly suggest that this cDNA encodes a
Drosophila TSC1 homolog. We mapped this gene totion (Figure 2B). The human TSC2 protein is 26% identi-
cal (46% similar) to the Gigas protein. 95E4-5 by in situ hybridization to polytene chromo-
somes.The highest level of similarity (53% identity) is found
in the 164 amino acids of the putative Rap1GAP domain
(RGAP; Figure 2B). Recent reports indicate the presence Homozygous gigas Mutant Phenotypes
Homozygous gigas mutant larvae hatch normally butof conserved arginine fingers in GAP proteins that are
important for their catalytic activity (Scheffzek et al., fail to survive beyond early third instar. To investigate
whether a maternal contribution masks a requirement1998). TSC2/Gigas proteins have putative arginine fin-
gers (Figure 2B, underlined) that do not resemble those for gigas during embryonic development, we attempted
to generate germline clones homozygous for gigas. Weof other known GAP subfamilies. Thus, TSC2 proteins
might constitute a new subfamily of GAP proteins. Hu- did not recover any eggs, however, indicating that Gigas
is required for oogenesis and making it impossible toman TSC2 proteins were shown to have GAP activity in
vitro for Rap1 (Wienecke et al., 1995) and Rab5 (Xiao et generate embryos totally lacking gigas product. Trans-
heterozygotes of weak alleles often survive until lateal., 1997), although the significance of these activities
in vivo remains to be evaluated. third instar, develop melanotic tumors, and die as prepu-
pae. Melanotic tumors are black masses resulting from
the melanization of hemocytes and are a frequent fea-Isolation of the Drosophila TSC1 Homolog
Identification of the Drosophila TSC2 homolog prompted ture of the phenotype produced by various tumor sup-
pressor mutants in Drosophila (reviewed in Gateff, 1994).us to search for a Drosophila TSC1 homolog. We identi-
fied by BLAST search a Drosophila EST (LD11221; Gen-
Bank accession number AA392350) that displayed a sig- Cell Size Change of gigas Mutant Cells Occurs
before Pattern Formation in the Eye Discnificant similarity to the N-terminal sequence of human
TSC1 (van Slegtenhorst et al., 1997). The sequence of To check when the cell size change occurs in gigas
mutant clones, we used a Minute mutation, M(3)67C, tothe complete 3.8 kb cDNA predicts a protein of 1100
amino acids. Sequence alignment with the human TSC1 produce large mutant clones in the eye discs. M(3)67C
is a loss-of-function mutation in the ribosomal proteinprotein shows a significant degree of conservation (Fig-
ure 3). The human TSC1 protein is 22% identical (46% RPS17 (Maki et al., 1989). In mosaic discs, wild-type
cells (M1/M1) grow faster and outcompete the M1/M2similar) to the Drosophila ORF. Furthermore, a single
Drosophila TSC2 Prevents Endoreplication
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Figure 4. Enlarged Cells in gigas Clones in
the Wing and Eye Imaginal Discs
(A±L) Confocal images of DNA-stained (DAPI;
green) and phalloidin-stained (TRITC-phalloi-
din; red) wild-type (A, B, E, F, I, and J) and
gigas (C, D, G, H, K, and L) cells are shown.
(A±D), wing disc. (E±H), eye disc anterior to
the morphogenetic furrow (MF). (I±L), eye disc
posterior to the MF. Note the increased nu-
clear and cell size in cells mutant for gigas.
(M) Quantification of DNA content. DNA con-
tents of wild-type and gigas cells in the wing
discs were quantified from confocal images
(see Experimental Procedures). The relative
fluorescence values are shown with wild type
assigned a value of 1.0. The 48 wild-type nu-
clei analyzed (open bars) had a mean value
of 1.0 6 0.2. In contrast, the 20 gig192 nuclei
(closed bars) analyzed had a mean value of
10.6 6 1.6.
cells to produce abnormally large clones (Simpson and was taken as 1.0. All the values from wild-type cells fell
between 0.7±1.3 (1.0 6 0.2). The mean value from gigMorata, 1981). Neither M(3)67C (data not shown) nor
other Minutes (Neufeld et al., 1998a) alter cell size. Fur- cells was 10.6 6 1.6 (Figure 4M), confirming that gig
cells have endoreplicated without cell division.thermore, cell cycle transitions occur at normal positions
relative to the MF in the eye disc (Figures 6A, 6C, 7A, Using the Minute mutation and heat shock±induced
FLP, we can generate very large mutant clones thatand 7D), and although tissue growth is slower in the
M1/M2 regions of the disc, cell cycle progression is still often encompass more than 90% of the discs. In M2/M1
larvae with large wild-type M1/M1 clones, imaginal discscoordinately regulated (Figures 6A and 6C; Neufeld et
al., 1998a). are of normal size (data not shown). In the M1, gigas/M2
larvae, discs with large gigas mutant clones (Figures 5CTo examine cell size and DNA content during develop-
ment, we double-stained third instar imaginal discs con- and 5D) are three to four times the size of wild-type
discs in area (Figures 5A and 5B).taining gigas mutant clones with the DNA stain DAPI
(4, 6-Diamidino-2-phenylindole) and the microfilament These results allow us to draw the following conclu-
sions. First, cell size change in gigas clones is cell auton-stain TRITC-phalloidin (Fen and Ready, 1997). Larger
nuclei and increased cell sizes in the mutant clones were omous, since only the cells inside the clones are af-
fected. Second, since many different kinds of cells inconsistently observed. Examples taken from the wing
and the eye disc are shown in Figures 4A±4L. This obser- the eyes and wings are affected, it is likely that cell size
change in mutant clones is due to a general defect invation suggests that cell size has already increased in
the developing imaginal discs. To measure the relative growth control rather than a defect in a particular devel-
opmental program. Third, cells anterior to the MF, whichDNA content of gigas cells, the relative fluorescent inten-
sity of DAPI-stained nuclei was measured from a series are unpatterned and undifferentiated, have large cell
size, indicating that the effect of gigas mutations occursof confocal images (see Experimental Procedures). The
average value obtained from wild-type wing disc cells before pattern formation and differentiation in eye discs.
Cell
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Figure 5. Increased Size of Wing and Eye Imaginal Discs that Carry Multiple gigas Clones
Phase contrast images of third instar imaginal discs are shown. (A) and (B) show wild-type wing (A) and eye (B) imaginal discs (genotype:
w/y w hsFLP122; P[ry1; hs-neo; FRT]80B/M(3)67C, P[w1; arm-lacZ]69C; P[ry1; hs-neo; FRT]80B). (C) and (D) show wing (C) and eye (D) imaginal
discs in which multiple large gigas mutant clones have been induced (genotype: w/y w hsFLP122; gig192, P[ry1; hs-neo; FRT]80B/M(3)67C,
P[w1; arm-lacZ]69C). In (C) and (D), more than 90% of cells are mutant for gigas, and disc sizes are three to four times greater than in wild
type at the same developmental stage. All the discs are shown at the same magnification.
Fourth, when clones occupy large areas of the discs, gigas clone (Figure 6F), the Elav-positive region in each
cell is much larger than in wild type, reflecting largerimaginal discs become enlarged, larval phase is ex-
nuclear size. However, the pattern of differentiation ap-tended, and animals die as prepupae.
pears normal, again suggesting that pattern formation
of mutant cells can proceed normally despite their cellgigas Mutant Cells Show Abnormal
cycle defect.Cell Cycle Progression
We examined the pattern of cell cycle progression in
gigas Mutant Cells Accumulate G2 Cyclinsthe wild-type and gigas eye disc clones. First, we used
To confirm that gigas mutant cells fail to enter M phase,the thymidine analog 5-bromo-2-deoxyuridine (BrdU) to
we examined the expression patterns of the G2 cyclins,label S phase cells. In a normal eye disc, many asynchro-
Cyclin A and Cyclin B. In Drosophila, Cyclin A and Cyclinnous S phase cells are seen in the region anterior to
B have overlapping functions in regulating mitosisthe MF, while cells enter S phase synchronously just
(Knoblich and Lehner, 1993). In a normal disc, the pre-posterior to the MF. In a wild-type eye disc, both anterior
cursors to photoreceptors R8, R2, R5, R3, and R4and posterior to the MF, many BrdU-positive cells are
emerge from the MF, exit the mitotic cycle, and termi-observed (Figure 6A). In a gigas mutant clone, the pat-
nally differentiate. Other undifferentiated cells enter Stern of BrdU staining remains the same as wild type;
phase and then G2, where they accumulate Cyclin A andhowever, fewer and larger BrdU-positive nuclei are ob-
Cyclin B proteins in their cytoplasm. When G2 cells enterserved (Figure 6B), which is consistent with the results
M phase, Cyclin A and Cyclin B enter the nucleus andseen with DAPI staining (Figure 4). These results clearly
are degraded (Figures 7A and 7D; Thomas et al., 1997).show that gigas mutant cells can still enter S phase and
After completing division, these cells differentiate tocarry out DNA replication.
generate photoreceptors R1, R6, and R7, the primary,We next examined the distribution of M phase cells
secondary, and tertiary pigment cells, the cone cells,using an antibody specific for a phosphorylated form
and the bristle mother cells (Wolff and Ready, 1993). Byof histone H3 present only in mitotic nuclei (anti-PH3;
contrast, in gigas mutant cells, cytoplasmic Cyclin AHendzel et al., 1997). In wild-type discs, M phase nuclei
(Figures 7B and 7C) and Cyclin B (Figures 7E and 7F)move to the apical surface of the disc (Wolff and Ready,
remain at significant levels throughout the disc. Poste-
1993). Optical sections of a wild-type eye disc near the
rior to the MF in gig eye discs, the cells surrounding
apical surface show that there are PH3-positive cells in photoreceptor clusters express higher levels of Cyclin
regions both anterior and posterior to the MF (Figure A and B (Figure 7). These are presumably pigment cells,
6C). In gigas mutant clones, no strong staining with anti- cone cells, and the R1, R6, and R7 photoreceptor cells
PH3 is seen either at the apical surface of the eye disc that go through an additional cell cycle. These cells
(Figure 6D) or in other regions of the eye discs (data not still seem to respond to a developmental signal and
shown), implying that gigas mutant cells do not enter upregulate G2 cyclins, although the rapid downregula-
M phase in the developing eye discs. tion of cyclins does not occur. Lower but significant
These observations suggest that gigas mutant cells levels of cyclins are detected in all other cells in the eye
in the eye disc can still enter S phase but might not disc, including cells in the MF (Figure 7). These mutant
enter M phase. The fact that there are multiple cells in cells are able to differentiate into the full range of cell
mutant clones, however, suggests that more than one types found in the adult eye despite their endoreplication
type of cell cycle operates during the course of disc phenotype.
development and that Gigas is not required for all of the
cell cycle types. Alternatively, Gigas might be a stable Discussion
protein so that the phenotype is only manifested after
several rounds of cell division. Gigas Is Required for the Decision Whether
We examined the expression of Elav, a nuclear protein to Enter M Phase or S Phase
expressed posterior to the furrow in differentiated neu- In this report, we show that gigas mutant cells endorepli-
cate their DNA during the late stages of imaginal discronal cells (Figure 6E; Robinow and White, 1991). In a
Drosophila TSC2 Prevents Endoreplication
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the Cdc2-Cyclin complex is a crucial regulator of the
decision whether to enter S phase or mitosis.
The effects of the gigas mutation could be explained
by two possible mechanisms. First, Gigas may be re-
quired for blocking DNA rereplication. High levels of
Cdc18 protein have been shown to inhibit mitosis and
induce DNA rereplication in S. pombe (Stillman, 1996).
Perhaps loss of Gigas function disrupts a similar control
mechanism in Drosophila, resulting in an analogous en-
doreplication phenotype. Second, Gigas may be re-
quired for mitosis. In either case, the most probable
target of Gigas activity is the Cdc2/Cyclin complex, a key
regulator of mitosis. Cdc2 is maintained in an inactive
phosphorylated form, and dephosphorylation of Cdc2
by the Cdc25 phosphatase leads to increased Cdc2
kinase activity and entry into mitosis (Morgan, 1997). If
Gigas protein is required to activate the Cdc2 kinase,
the gigas mutant phenotype may simply reflect the ab-
sence of active Cdc2. Alternatively, Gigas protein might
regulate the subcellular localization of the Cdc2/Cyclin
complex. The Cdc2/Cyclin complex accumulates in the
cytoplasm during interphase but is imported into the
nucleus at the start of M phase (Morgan, 1997). The
accumulation of CycA and CycB in gigas mutant cells
might be explained if the Gigas protein is required for
nuclear import of Cdc2/Cyclin. The vertebrate TSC2 pro-
tein was reported to be localized to the Golgi/perinuclear
region, consistent with a role in protein trafficking
(Tsuchiya et al., 1996; Wienecke et al., 1996).
Since gigas mutant clones contain many cells, gigas
mutant cells must initially be able to divide after mutant
clones are produced by mitotic recombination. The ex-
planation we favor to account for this ability is that thereFigure 6. Inhibition of Cell Division and Normal DNA Replication
Pattern in gigas Clones in Third Instar Eye Disc are multiple types of cell cycles and Gigas is only re-
Left panels (A, C, E) show confocal images of wild-type eye discs quired for some of them. Previous results suggest that
(genotype: w/y w hsFLP122; P[ry1; hs-neo; FRT]80B/M(3)67C; P[w1; there are indeed different cell cycle types during imagi-
arm-lacZ]69C; P[ry1; hs-neo; FRT]80B). Right panels (B, D, F) show nal disc development (Fain and Stevens, 1982; Kylsten
confocal images of eye discs with large gig clones (genotype: w/y and Saint, 1997). However, our data are also consistent
w hsFLP122; gig192, P[ry1; hs-neo; FRT]80B/M(3)67C; P[w1; arm-
with other explanations. For example, it is formally pos-lacZ]69C; P[ry1; hs-neo; FRT]80B). The position of the morphoge-
sible that Gigas protein is sufficiently stable that thenetic furrow (MF) is indicated by white arrowheads. (B) and (D) show
only regions within gigas mutant clones. (F) shows both gigas mutant phenotype is only manifested after several rounds of
and wild-type regions, as indicated. (A and B) Third instar eye discs cell division following the generation of homozygous
were incubated with BrdU in vitro, fixed, and analyzed. The anti- mutant cells.
BrdU staining shows S phase cells both anterior and posterior to the A striking feature of the gigas mutant phenotype is
MF. (C and D) Anti-phospho-histone H3 (M phase marker) staining of
the unusual accumulation of CycA and CycB. Sigrista wild-type eye disc (C) and of a gigas mutant clone in an eye disc
et al. (1995) demonstrated that expression of mutant(D). (E and F) Anti-Elav staining of a wild-type eye disc (E) and an
eye disc with a gigas mutant clone (F). Anterior is to the left. cyclins (A, B, or B3) lacking the destruction box motif
blocked their degradation and arrested cells at meta-
phase or anaphase during embryonic development in
development. In normal cells, DNA replication is strin- Drosophila, indicating that exit from mitosis is regulated
gently regulated to guarantee that the genome is dupli- by destruction of G2 cyclins. In gigas mutant clones,
cated exactly once during each cell cycle. In S. pombe, cells repeat S phase without mitosis in the later phase
the active mitotic cyclin-dependent kinase (CDK) activity of disc development. These results suggest that the
(a complex of Cdc2 and its G2 cyclin partner Cdc13) is failure to degrade CycA and CycB may be a conse-
required for both mitosis and inhibition of the rereplica- quence of the failure to enter M phase, rather than gigas
tion of DNA. Inhibition of the mitotic CDK activity by mutants having a primary defect in cyclin degradation.
either inactivation of the Cdc2 itself, by inactivation of
the cyclin Cdc13, or by overexpression of the Cdc2-
Cyclin inhibitor Rum1 causes a block in mitosis and Cell Size and Disc Size Control
The increased cell size in adult mutant clones led to themultiple rounds of DNA replication (Dahmann et al.,
1995; Su et al., 1995; Stillman, 1996). In Drosophila, cdc2 initial identification of gigas (FerruÂ s and GarcõÂa-Bellido,
1976; this work). How cell size control and cell cyclemutant cells rereplicate DNA without mitosis (Hayashi,
1996; Weigmann et al., 1997). These results suggest that are coupled is still not well understood. In general, the
Cell
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Figure 7. Accumulation of Cyclins A and B in
gig Mutant Cells
Confocal images of wild-type eye discs (A
and D) and eye discs with gigas mutant
clones (B, C, E, and F) that were stained for
anti-CycA (A±C) or anti-CycB (D±F) are
shown. Genotypes of larvae are as described
in Figure 6. In (B) and (E), the entire regions
shown are within the gigas mutant clone. The
position of the morphogenetic furrow (MF) is
indicated with white arrowheads. In (C) and
(F), the border between wild-type and gigas
mutant tissue is indicated by a solid white
line. In gigas mutant clones posterior to the
MF, the cells expressing lower levels of cyclin
proteins are surrounded by cells expressing
higher levels of cyclin proteins in a regular
pattern, each unit of which corresponds to
an ommatidium. Anterior is to the left.
increase of cell size seems to correlate well with the endoreplication and cell size increase. The presence of
TSC1 and TSC2 homologs in Drosophila strongly sug-increase of ploidy (Su and O'Farrell, 1998), suggesting
that DNA replication may be coupled to cell growth. In gests the presence of the same cell cycle control mecha-
nism in both human and Drosophila. Continued analysisDrosophila imaginal discs, inactivation of cdc2 (Weig-
mann et al., 1997) or gigas leads to endoreplication and of the Drosophila TSC1 and TSC2 genes should help
achieve an understanding of the molecular mechanismincreased cell size. This common feature of the gigas
and cdc2 mutant phenotypes is consistent with a model of the TSC disease in humans.
that places Gigas and Cdc2/Cyclin in the same pathway
of cell cycle control. Experimental Procedures
What makes an organ or a disc grow to a particular
Fly Strainssize is unknown. The loss of cdc2 in wing discs results
The y w hsFLP122 strain was provided by Gary Struhl. Some of thein discs of relatively normal size composed of fewer,
original FRT lines for 3L chromosome (80-1, 80-w1, 80-y1; Xu andlarger cells, showing that even when cells are larger,
Rubin, 1993) were found to have an additional FRT at 73D in addition
disc size can still be regulated (Weigmann et al., 1997). to the reported site at 80B. 80-pM (w; P[mini-w1; hs-pM]75C,
In this report, we found that large gigas mutant clones P[ry1;hs-neo;FRT]80B) had only one FRT at 80B, and two new lines,
that encompass more than 90% of the disc resulted in each with a single FRT at 80B, were made from 80-pM for use in
this study: 80-3 (w; P[ry1;hs-neo;FRT]80B) and 80-3y1 (w; P[ry1;increased disc size three to four times larger than nor-
y1]66E, P[w1]70C, P[ry1;hs-neo;FRT]80B).mal. We cannot distinguish at this time between two
The fly stocks w; P[w1;arm-lacZ]69C and w; M(3)67C, P[mini-w1;possible explanations for the difference between this
hs-pM]75C, P[ry1;hs-neo;FRT]80B/TM6B were kindly provided by
aspect of the gigas and cdc2 phenotypes. Gigas may Jean-Paul Vincent and Mike Brodsky, respectively. The stocks w;
be required for a cell size checkpoint. Thus, gigas mutant P[w1;arm-lacZ]69C, P[ry1;hs-neo;FRT]80B and w; M(3)67C,
cells might not stop cell growth in response to signals P[w1;arm-lacZ]69C/TM6B were generated by recombination. Two
gigas EMS alleles (gig109 and gig25) and one spontaneous allele (gig5C8)controlling disc size, resulting in cell size continuing
(Canal et al., 1994) were kindly provided by Alberto FerruÂ s.to increase to produce larger discs. Alternatively, the
Df(3L)rdgC (77A2;77E1) and Df(3L)ri79C (77B-C;77F-78A) were frompresence of significant numbers of wild-type cells in the
the Bloomington Drosophila Stock Center.
same disc may result in signals that limit the cell size
and thus disc size. Indeed, when only small gigas clones
Geneticswere created, disc size was close to normal (N. I. and
Fly culture and crosses were carried out according to standard
G. M. R., unpublished). One possible explanation is that procedures. The screen for mutant phenotypes in eye clones was
cell death in wild-type cells may be compensating for the carried out as described (Xu and Rubin, 1993). In brief, 80-1 (w;
P[ry1;hs-neo;FRT]73D, 80B) males were exposed to 4000 rad ofovergrowth. It will be interesting to determine if creating
X-rays and then mass mated with 80-w1F (y w hsFLP1; P[w1]70C,large mutant clones of cdc2 that encompass the entire
P[ry1;hs-neo;FRT]73D, 80B) virgin females, eggs were collected fordisc produces larger discs.
24 hr, aged for another 24 hr, and heat-shocked in a 388C water
bath for 60 min. Approximately 150,000 F1 adults, of which 26,000
Is TSC a Disease of Cell Cycle? had w eye clones, were examined for a mutant phenotype in the w
Studies of human TSC hamartomas noted the presence eye clones under a dissecting microscope. Putative mutants were
crossed to w; TM3/TM6B flies and balanced lines were established.of giant cells (Johnson et al., 1991). TSC hamartomas
Progeny were crossed to 80-w1F females and reconfirmed for theare enlarged and disorganized while they express differ-
presence of mutations. A total of 93 mutants were recovered asentiation antigens specific to the site. Our observations
balanced lines.with gigas mutant cells are consistent with these human
Complementation tests based on lethality were carried out be-
phenotypes and suggest that the human TSC syndrome tween these lines. One of the complementation groups (C1) had
may also result from similar defects in cell cycle regula- eight alleles and was further characterized. One additional allele
(C12253) was found among single P element insertion lines [l(3)02253;tion. Benign TSC hamartomas might be the result of the
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Spradling et al., 1995], although C1 lethality was not associated with both the transgene and gigas mutation (w; hs-gig/1; gig/TM6B) were
mated. Eggs were collected for 12 hr and heat-shocked every 12P insertion. C1 alleles (C155, C156, C157, C162, C1192, C1193, C1201, C1273,
C12253) failed to complement preexisting gigas mutant alleles (gig109, hr for 10 days using 90 min incubations in a 378C air incubator.
gig25, and gig5C8) (Canal et al., 1994). C1 and gigas were mapped
meiotically with the markers ru h th st cu sr e ca. Approximately Scanning Electron Microscopy
200 potentially recombinant chromosomes were scored. C1 and Adult flies were prepared for scanning electron microscopy as de-
gigas lethalities were both mapped to 3-46. scribed (Kimmel et al., 1990) except that hexamethyldisilazane
The small deficiencies XS572 (76B6;77C1), XS533 (76B4;77B1), (HMDS; Braet et al., 1997) was used instead of Freon. Briefly, adult
XS411 (76C;77A), XS2182 (76B;76F), and XS705 (76B4;76D3) (Karim flies were fixed and incubated in 25%, 50%, 75%, and 100% ethanol.
et al., 1996), XS543 (76B;77A) (Neufeld et al., 1998b), Df(3L)rdgC Ethanol was then replaced by 100% HMDS and flies were dried
(77A2;77E1), and Df(3L)ri79C (77B-C;77F-78A) were tested for failure under vacuum overnight.
to complement the lethality of C1/gigas mutants. Four of these
deficiencies, XS572, XS533, XS411, and XS543, uncovered C1/gigas Histology and Immunohistochemistry
lethality. Adult eyes were fixed, embedded, and sectioned as described (Tom-
Creation of mitotic clones was carried out as described (Xu and linson and Ready, 1987a). All the third instar larvae were collected
Rubin, 1993). Adult wings were dissected and mounted in Gary's at the wandering stage. Third instar eye imaginal discs were fixed
magic mount (Basler and Struhl, 1994). To analyze clones in the and stained as described (Tomlinson and Ready, 1987b; Thomas
imaginal discs, 80-3 (wild-type) or w; gig/TM6B males were mated et al., 1997). Monoclonal antibodies to CycA (A12) and CycB (F2F4)
to y w hsFLP122; M(3)67C, P[w1, arm-lacZ]69C, P[ry1; hs-neo; were a generous gift of P. O'Farrell. Rat anti-Elav monoclonal anti-
FRT]80B/TM6B virgin females and heat-shocked at 388C as de- body was diluted 1:10. Rabbit anti-phospho-histone H3 (Upstate
scribed above. Clones in the wing were identified with y marker (Xu Biotechnology) was diluted 1:1000. Cy3-conjugated anti-rat and
and Rubin, 1993). Adult eye clones were identified using the w anti-mouse antibodies (Jackson) were used at a 1:400 dilution. Anti-
marker. Clones in the imaginal discs were identified using a ubiqui- CycA and anti-CycB antibody supernatants were diluted 1:200. For
tously expressed lacZ reporter (armadillo-lacZ; Vincent et al., 1994). anti-CycA, anti-CycB, and anti±b galactosidase staining, the signal
Germline clones homozygous for gigas were generated using the was amplified using ABC kit (Vector Laboratories) and Cy3-conju-
dominant female sterile marker method (Chou et al., 1993) in gig192/ gated tyramide (TSA direct, NEN). For DNA staining and phalloidin
P[ovoD1]3L females and gig56/P[ovoD1]3L females. staining, fixed discs were incubated with DAPI (1 mg/ml) and TRITC-
phalloidin (Sigma; 1 mM). Discs were mounted in 90% glycerol in
Isolation of Gigas Genomic DNA and cDNA phosphate-buffered saline (PBS). Confocal microscopy was done
Genomic DNA was prepared from 80-1 and w; gig/TM6B lines and using a Leica TCS NT microscope. Confocal images were pseu-
digested with a combination of two enzymes (BamHI±EcoRI, EcoRI± docolored and merged using Adobe Photoshop.
HindIII, or BamHI±HindIII), subjected to electrophoresis on 1% aga-
rose gels, and transferred to Nylon membranes. BrdU Labeling
The genomic P1 clone DS01924 from 76F-77A2 (Kimmerly et al., BrdU in vitro labeling was done as described (Winberg et al., 1992)
1996) was digested with BamHI or EcoRI and subcloned into pBlue- with minor modifications. Third instar larvae were dissected in PBS
script II (Stratagene). Individual fragments were tested for the ability and eye discs were incubated in a 60 mg/ml solution of BrdU (Sigma)
to detect polymorphic DNA bands in genomic DNA blots of wild- in PBS for 30 min at 258C. Discs were fixed for 20 min in 4% para-
type and gigas mutants. A 3.6 kb EcoRI fragment (E11; see Figure formaldehyde, washed, and then treated with 3 M HCl for 30 min.
2A) identified polymorphisms in gig192 and gig193 alleles. This frag- After washing, discs were blocked in 0.1% Triton X-100/3% normal
ment was used to screen z400,000 pfu from a Drosophila embryo goat serum in PBS and stained with mouse anti-BrdU antibody (1:50;
cDNA library in lzapII (LD library; Berkeley Drosophila Genome Proj- Becton-Dickinson) and Cy3-conjugated anti-mouse antibody as de-
ect/HHMI EST Project, unpublished). We isolated 33 related cDNA scribed above.
clones of which the largest carried a 6.2 kb insert and was se-
quenced. Image Analysis
Image analysis was performed using the public domain NIH Image
Isolation of Drosophila TSC1 Homolog program 1.61 (http://rsb.info.nih.gov/nih-image/). The DNA content
We used the BLAST (Altschul et al., 1990) server at the Berkeley of individual cells was quantified from confocal images of DAPI-
Drosophila Genome Project (http://www.fruitfly.org) to screen the stained cells using NIH Image. Briefly, third instar wing imaginal
Drosophila Expressed Sequenced Tag (EST) Database with the discs were fixed for 20 min in 4% paraformaldehyde, washed, and
amino acid sequence of human TSC1 (van Slegtenhorst et al., 1997). stained with DAPI (1 mg/ml) at 48C overnight. The discs were washed
A Drosophila expressed sequence tag (EST clone number LD11221) and mounted in 90% glycerol in PBS. A z series of confocal images
that displayed significant similarity to the N-terminal sequence of were acquired with a constant distance of 2/3 mm between slices.
TSC1 was identified. Images were acquired in a linear range of DAPI fluorescence. Four
(wild-type nuclei) or six (gig nuclei) images were projected to a
DNA Sequencing and Analysis single plane using the mean value projection method, and the mean
DNA sequences were performed by the dideoxy chain termination fluorescence value for each nucleus was measured. The resulting
procedure (Sanger et al., 1977) using an ABI DNA sequencer. Tem- values were multiplied by the number of pixels in the region and
plates were prepared by sonicating plasmid DNA and inserting the the number of sections used to make a single projection.
sonicated DNA into M13mp10 vector. The 6.2 kb gigas cDNA and
3.8 kb Drosophila TSC1 cDNA (LD11221) were sequenced on both Acknowledgments
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